This study presents an experimental investigation of plunging breakers on a sloping beach with an inclination of 5.1 • . The incident waves are solitary waves with various amplitudes from non-breaking waves to plunging breakers, and the area investigated is the swash zone. PIV (Particle Image Velocimetry) is performed on images captured at four different field of views (FOV). Shoreline position and maximum runup are measured, and are repeatable in both time and height, although cross-sectional variations of the shoreline shape are observed at maximum runup. For non-breaking waves the runup and fluid flow is computed by a boundary integral techniques combined with boundary layer model. Then, there is excellent agreement between the experimental and the computed velocity profiles at the lower region of the beach, while the boundary integral technique overpredicts the maximum runup height severely. For breaking waves the experiments indicate that the motion becomes more irregular as we move further up the beach. In addition, there are more irregularities present for waves with larger amplitude. Length and velocity of air bubbles entrapped by the plunging breakers are extracted from an image series captured with a large FOV. The images showed that a large air bubble remains intact for a time period during runup for the breaking waves.
Introduction 1
In shallow water with constant depth, the nonlinear effect and dispersion will be balanced for solitary 2 waves (Peregrine, 1983) . During shoaling the wave will steepen, and at some critical point breaking may of 1/305 s (10 images) is acceptable. The errors related to the PIV algorithm are described in detailed in 71 Raffel et al. (2013) . The average particle image diameter for a randomly chosen image from this experiment 72 was found to be approximative 3.16 pixels. This is close to the optimal particle size that minimizes the PIV 73 error related to peaklocking. The high capturing rate allows us to investigate large velocity without large 74 pixel displacements preventing aliasing, and also the high temporal resolution minimize the error concerning 75 out of plane motion. If there is no loss of particles, and the particle distribution is uniform, the PIV error 76 can be limited to 0.05 pixels (Kähler et al., 2016) . This corresponds to an error of approximately 0.5 cm/s 77 for instantaneous measurements. The averaging in time applied to the measurements will reduce this error.
78
To investigate air bubbles encapsulated by the plunging breakers, the camera was moved further away 79 from the wave tank, resulting in much larger FOV than the FOVs installed to obtain velocity fields. This
80
FOV will be referred to as FOV A and covers 0 cm < x < 60 cm. The frame rate was reduced to 500 f ps 81 and a continuous dedolight 400D was used as illumination, replacing the laser. A white background sheet 82 was attached to the side wall of the wave tank and the water was dyed dark blue to increase the contrast of 83 the images.
84
The maximum runup was measured by capturing images of the shoreline at its maximum position. A high 85 speed Photron APX camera was mounted on rails above the beach in the wave tank with same inclination as 86 the beach. A high pulsed white light was used as illumination. The camera captured 125 frames per second, 87 and the maximum shoreline profiles were tracked manually for each wave.
88
All the experiments were repeated at least three times to assure repeatability (N=3). However, we 89 emphasize that this is insufficient for determination of a standard deviation, let alone extraction of turbulent 90 intensities. The scatter δ i for some measured quantity x i , is then calculated in the following manner,
where x is the mean over the repetitions.
92
To find a measure of the irregularities present in the PIV measurements, the deviations of the velocities are calculated for the strongest plunging breaker. Deviations are extracted at times where the mean flow, u, in an area near the beach has a velocity close to either 40, 0 or −40, all measured in cm/s.
where N is the number of repetitions. It is remarked that while σ is computed by the formula for standard deviation it may only be conceived as a rough estimate of repeatability and regularity due to the small value for N . The average deviations in the z-direction are calculated from the area (0 cm < z ≤ 0.6 cm)
where M corresponds to number of grid points in the given z-range. 
105
For α = 0.1 a refinement of the spatial grid resolution from a typical value of 0.14H to half this size gave 106 a change of 0.9% in the runup height. Since the BIM model is of fourth (space) and third (time) order this 107 point to an error for the finer resolution which is much smaller than 1%. The same resolutions were applied 108 to the breaking waves. For all the waves the temporal increment for the finest grid was 0.0073 s, which is 109 twice as large as the temporal averaging interval used in the PIV processing. The viscous boundary layer 110 model generated 600 grid points along the beach, with a spatial increment of 0.0042H. The time resolution 111 was kept the same as for the BIM. measured amplitudes for all the waves are given in Table 2 . with Figure 8 . This may indicate that the flow in the upper surf zone is more irregular.
190
The velocities near flow reversal for all the different wave amplitudes will be discussed in the following. in the experiments.
263
The measurement of the breaking waves showed that the fluid motion becomes more irregular and less 264 repeatable as we move further up the beach. In addition, the motion was more irregular for the waves with 265 the stronger plunger than for those with smaller amplitude. The maximum runup was fairly repeatable, but 266 marked an irregular transverse variations were observed for the breaking waves. The bubble investigation 267 indicated that the air bubble shapes were repeatable for the waves with amplitude α = 0.30 but not for the 268 waves with amplitude α = 0.50. Overall, irregular motion increases with larger breaking waves and as the 269 waves propagate upwards the beach. presumably only mildly dependent on scale. However, the disintegration of the bubbles is likely to differ
